Ranking dimensionless groups in fluidized-bed reactor scale-up  by Mithani, Rizwan et al.
Ranking Dimensionless Groups 
in Fluidized-Bed Reactor 
Scale-Up 
Rizwan Mithani, Sujeet Shenoi/L. T. Fan, and 
W. P. Walawender 
Laboratory for  Artificial Intelligence in Process Engineering 
Department of  Chemical Engineering 
Kansas State University 
ABSTRACT 
The "'principle of similarity'" is a cornerstone of equipment scale-up in the chem- 
ical process industry. This principle involves setting up the relationships existing 
between different scales of processing equipment. Such relationships are usually in- 
stituted by determining the so-called imensionless groups (ie, size-independent pa-
rameters) characterizing the process phenomena. These dimensionless groups must 
be maintained invariant during the conversion of experimental-scale information to 
the commercial scale. For a complex phenomenon such as fluidization, employing 
the principle of similarity requires that a large number of dimensionless groups be 
held constant during scale-up. This is almost impossible in practice. Thus, when 
scaling up such systems, it is necessary to engage a ranking and trade-off strategy 
in deciding precisely which dimensionless groups must be maintained constant. Al- 
though extremely qualitative, the knowledge underlying the ranking and trade-off 
strategy for fluidized-bed reactors is a valuable component of design expertise in the 
chemical process industry. Consequently, emphasis must be placed on the tasks of 
extracting, embodying, and articulating this knowledge in designing economically 
viable large-scale process ystems. The present work is motivated by the need to 
harness qualitative design knowledge influidized-bed reactor scale-up. On the ba- 
sis of the available domain knowledge, several scale-up rules are formulated; these 
rules relate specific process conditions to the importance of maintaining a partic- 
ular dimensionless group invariant in scale-up. A nonadditive valuative strategy 
relying on a nine-point linguistic scale is employed in ranking each dimensionless 
group according to the particular situation at hand. Two of the key features of this 
strategy are its ability to operate in the presence of incomplete information and its 
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relative insensitivity to judgmental differences. These properties are especially ap- 
propriate in real-world scale-up and design. 
KEYWORDS: qualitative ranking, metaknowledge, fuzzy integral, fluid- 
ized-bed reactors, scale-up and design 
INTRODUCTION 
The task of designing economically viable large-scale processing equipment 
based on experimental data obtained from a small-scale or laboratory setup 
is termed scale-up. The principle of similarity is a cornerstone of equipment 
scale-up in the chemical process industry. This principle involves etting up the 
relationships existing between different scales of processing equipment. Such 
relationships are usually instituted by determining the so-called imensionless 
groups (ie, size-independent parameters) characterizing the process phenomena. 
These dimensionless groups must be maintained invariant during the conversion 
of experimental-scale information to the commercial scale (see, eg, Trambouze 
[1] and Astarita [2]). 
The domain knowledge mployed in scale-up essentially deals with the con- 
ditions under which it is important to maintain the invariance of a particular 
dimensionless group. For instance, when scaling up a fluidized-bed reactor 
(Mithani et al [3], Matsen [4]), it is especially important that the well-known 
Reynolds number (representing the ratio of inertial to viscous forces) be kept 
constant whenever 
1. The fluidized bed is operating in the viscous limit (rationale: viscous 
forces dominate at low Reynolds numbers) 
2. Heat and mass transfer are significant in the process (rationale: heat and 
mass transfer coefficients are strong functions of the Reynolds number) 
3. Particle size employed in the bed is small (rationale: small particle size 
represents a low Reynolds number situation in a fluidized bed) 
Knowledge of this sort is best represented in the form of a rule; the appropri- 
ate process conditions constitute the premise, and the fact that the particular 
dimensionless group must be maintained constant constitutes the conclusion. 
Aside from the fact that scale-up knowledge is naturally expressed in the form 
of rules, embodying this knowledge as production rules facilitates its use in a 
design automation system (see, eg, Stephanopoulos et al [5]). 
The complexity of the physicochemical phenomena in a fluidized-bed reactor 
makes it almost impossible to keep all the governing dimensionless groups con- 
stant. Even though the process conditions may require that two or more dimen- 
sionless groups be maintained constant, heir conflicting nature may make this 
infeasible. In such situations, scale-up experts traditionally weigh and balance 
the effects of the various process conditions in determining the importance of 
maintaining a particular dimensionless group constant (see, eg, Bisio [6]). This 
trade-off procedure provides a ranking of the dimensionless groups according 
to the importance of their being maintained constant. 
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Two distinct ypes of knowledge are involved in trading off process conditions 
when evaluating the importance of a given dimensionless group in a particu- 
lar scale-up situation. The first body of "lower-level" knowledge is engaged 
in qualitatively assessing the degrees to which the process system of interest 
satisfies the process conditions comprising the premise of the scale-up rule. 
The other is the essentially "metalevel" knowledge pertaining to the relative 
importance of the various process conditions in maintaining the invariance of 
the dimensionless group. 
Metaknowledge about he relative importance of the process conditions con- 
stituting the premise of a rule is especially important in scale-up ractice. For 
example, when evaluating the importance of the Reynolds number in a fluidized- 
bed reactor, the second condition dealing with heat and mass transfer is espe- 
cially significant compared with the other two conditions in the rule premise 
(ie, operation in the viscous limit and small particle size). The rationale is that 
the heat and mass transfer coefficients are "strong" functions of the Reynolds 
number. On the other hand, operation in the viscous limit and the use of small 
particles in the fluidized bed can be traded off without considerably affecting 
the requirement ofmaintaining the Reynolds number constant. Thus, in scale-up 
practice, the conventional wisdom is to assign a greater weight to the second 
condition than to the other two conditions. As a matter of fact, in situations 
in which heat and mass transfer are important (eg, fluidized-bed gasification 
of wood chips), the satisfaction of this condition alone is usually sufficient o 
emphasize the importance of maintaining the Reynolds number invariant. 
Given the significance of metaknowledge in scale-up ractice, it is clear that 
a methodology for ranking dimensionless groups according to the importance of 
their being maintained invariant must employ this knowledge in conjunction with 
the low-level knowledge pertaining to the satisfaction of the requisite process 
conditions. In this paper we describe a monotonic evaluative strategy based 
on Sugeno's fuzzy integral [7] for engaging metaknowledge about the relative 
importance of the various process conditions in ranking dimensionless groups. 
Similar strategies involving fuzzy integrals and aggregation operators have been 
successfully employed in engineering, military, and medical applications (see, 
eg, Kraslawski et al [8], Dockey and Murray [9], and Hudson and Cohen 
[10]). However, several important properties of the Sugeno integral, including 
its ability to operate in the presence of incomplete information and its relative 
insensitivity o judgmental differences, render it appropriate in real-world scale- 
up and design. 
QUALITATIVE EVALUATION OF SCALE-UP RULES 
A scale-up rule can be written in the form 
IF X THEN maintain (Dimensionless Group)constant. 
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The premise 
X =" (X I ,  X2 . . . . .  Xm} 
comprises the process conditions (xi, i = 1 . . . . .  m) that must be collectively 
satisfied for the dimensionless group to be maintained invariant. In real-world 
applications, partial or incomplete satisfaction of the process conditions consti- 
tuting the premise of the scale-up rule may be sufficient o conclude that the 
appropriate dimensionless group is maintained constant; his would, of course, 
result in a correspondingly lower strength for the conclusion. The partial evel 
of satisfaction h(xi) for each proposition xi E X may be assigned from an 
n-point linearly ordered scale 
Ln = {A,, A2 . . . .  ,An} 
where 
Aj < Aj+I. 
Thus, an assignment of 
h(xi) :A I  
expresses the fact that the proposition xi is not satisfied, while 
h(xi) =An 
denotes "perfect" satisfaction. The use of such a discrete linear order for as- 
sessing the satisfaction of propositions i appropriate in the present application. 
In multiple-criteria decision-making problems, it is usually difficult o perform 
evaluations from a continuous scale of values (see, eg, Buckley [11 ]). Moreover, 
employing linguistic values such as "high" and "low" is especially convenient 
in scale-up and design practice. Note that these linguistic values should not 
be confused with the linguistic variables defined by Zadeh [12]. While Zadeh's 
linguistic variables attempt to capture qualitative concepts with fuzzy possibility 
distributions, our linguistic values imply express relative (and almost numeric) 
values from discrete scales. Of course, it is always possible to engage linguistic 
variables in the present application; however, it is necessary to first transform 
these variables to single values (see, eg, Nowakowski and Chanas [13]). 
Having assigned levels of satisfaction to the individual propositions, it is 
necessary to combine these values in an overall evaluation of the premise. This 
overall evaluation is a measure of the importance placed on maintaining the 
associated dimensionless group constant; he measures of importance obtained 
by evaluating the entire set of applicable scale-up rules are employed in ranking 
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the corresponding dimensionless groups according to the necessity of their being 
maintained invariant. 
A common technique for combining the levels of satisfaction of the individual 
propositions i to employ the minimum operator (see, eg, Zadeh [14]). In this 
case, the evaluation of a premise X is given by 
Era(X)  = Min(h(xi)) 
xi EX 
Since the overall evaluation is the lowest value of the individual assessments, 
employing the minimum operator essentially gives rise to a conservative or 
"most secure" level of satisfaction. Although this conservatism ay be justi- 
fied in certain applications, it is not feasible in scale-up practice. Moreover, 
the minimum operator has a key limitation when the levels of satisfaction for 
one or more propositions are unknown. In these instances it is customary to 
use the lowest value in the scale for the unknown values. Unfortunately, the 
application of the minimum operation gives rise to the lowest value for the 
premise valuation. It should be pointed out that the same problems exist for 
all "conjunction operators" constructed from triangular norms (see, eg, Bonis- 
sone [15]). As a matter of fact, since the minimum operator is the "strongest" 
triangular norm, employing other triangular norms give rise to evaluations even 
more conservative than that provided by the minimum operator. 
The underlying conservatism of the minimum operator enders it infeasible 
in scale-up and design applications. Moreover, its inability to make allowances 
for incomplete information is disadvantageous--especially since scale-up and 
design are invariably performed in the absence of complete information. For 
example, in fluidized-bed reactors, it is often the case that even though the 
"bubbling" characteristics of a small-scale system are known, it is not possible 
to extrapolate hese characteristics to the corresponding large-scale system. Yet, 
decisions must be made for the large-scale system, and it is clearly inappropriate 
to be too conservative (or too liberal!). 
Metaknowledge about he relative importance of the process conditions con- 
stituting the premise of a scale-up rule can be employed in providing a more 
balanced evaluation of the rule premise. Essentially, the idea is to employ the 
relative weights of propositions and groups of propositions in the premise valu- 
ation in association with the minimum operator (or other conjunction operators). 
These weights can serve to reduce the conservatism inherent in the minimum 
operator. Moreover, they can also be employed in overcoming the problems as- 
sociated with incomplete information. It should be noted that scale-up experts 
traditionally engage knowledge about he relative weights of process conditions 
in their decision making. In many instances, certain process conditions are far 
more important than others, and the satisfaction of these conditions alone is 
usually sufficient o force the corresponding dimensionless group to be main- 
tained constant. As a matter of fact, the scale-up expert may even neglect o 
consider the other (less important) process conditions in decision making. 
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It is convenient to employ values from the linear scale Ln in specifying the 
weights of individual propositions and groups of propositions in an evaluation. 
The values should be assigned such that the larger the body of propositions the 
greater their relative weight. Thus, for subsets of propositions Ql, Q2 c_ X,  the 
assignment of weights g(Q1) and g(Q2) should satisfy the monotonic property 
QI c_ Q2 =~ g(Ql) _< g(Q2) 
Since the complete premise represents the totality of evidence that can enter 
into an evaluation, clearly it must be assigned the maximum possible weight; 
thus, 
g(X) = An 
On the other hand, the empty set 0 contains no propositions and does not 
contribute to an evaluation, and therefore, 
g(0) -- A l 
An assignment of values, g: 2 x ~ [0, 1], satisfying the boundary conditions 
g(X) = 1, 
along with the monotonicity condition, 
g(0) -- 0 
g(Ol) _< g(Q2) for Ol _c Q2 
is characterized asa fuzzy measure [7]. Since A1 and An denote, respectively, 
the lower and upper bounds of the discrete scale Ln, it follows that the mono- 
tonic assignment ofweights to the groups of propositions essentially corresponds 
to a fuzzy measure on the premise set (with the unit interval being replaced by 
the discrete scale Ln). Sugeno [7] has defined a parametrized expression for 
constructing fuzzy measures: 
gx(Ql 0 Q2) = gx(Q l )  + gx(Q2) - Xg×(QOg×(Q2); X E (-1,  co). 
The parameter X provides a facility for adjusting the contributions of the indi- 
vidual measures to the composite measure, thereby capturing an entire range of 
belief structures (see, eg, Shenoi et al [16]). Based on an a priori value of X, 
the expression allows the computation of the entire measure starting from the 
measures of singleton sets. This ability to construct the measure from singleton 
sets is especially significant when the cardinality of the reference set is large. 
Moreover, an efficient algorithm (Wierzchon [17]) is available for determining 
the best gx measure by regression from subjective xperimental estimates. The 
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parametrized expression and the regression algorithm can be employed effec- 
tively in the present application in assigning weights to groups of propositions. 
However, after the numerical estimates are obtained, it is necessary to translate 
them to appropriate values from the linguistic scale. 
The relative weights assigned to the various subsets of propositions from 
the premise set X (or elements of the power set 2 x) must be combined with 
the levels of satisfaction of propositions in a manner that closely approximates 
human evaluative strategies. One such approach involves the use of Sugeno's 
fuzzy integral [7, 16]. Utilizing this scheme, an evaluation E(X) is defined as 
The rationale behind the use of the fuzzy integral is interesting and important. 
The idea is to "fracture" the overall evaluation into a number of smaller evalu- 
ations. Specifically, each subset of propositions from the premise set (F E 2 x) 
is a group of criteria, or a "view," on the basis of which an evaluation can be 
performed. The term 
Min(h (xi)) 
xi EF 
expresses the most secure level of satisfaction obtained for the view F. Since 
the weight g(F) represents he relative importance of the view F, the expression 
Min L x~[Min(h(xi))'EF g(F) 1 
limits the evaluation obtained for the view F to a value no greater than its 
importance. Evaluations are performed for all views in 2 x, and the maximum 
operator sets the final evaluation equal to the "best" evaluation obtained. This 
technique does, indeed, have intuitive justification as a trade-off procedure. We 
often conduct evaluations from several aspects, and the aspect hat appeals to 
us in terms of both its satisfaction and its importance usually sways the final 
evaluation. 
One of the key features of the present strategy is that it furnishes reasonable 
evaluations even in the face of incomplete information. Partial evaluations may 
be obtained by integrating over a subset Q of the original premise set X. The 
corresponding evaluation is given by 
In this case, the weight g(Q n F) introduced in the expression serves to limit 
the resulting evaluation. Although F can be any element of 2 x, the argument 
Q n F essentially limits the number of different views on the basis of which 
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an evaluation can be performed. It can be shown that the new list of views 
corresponds to 2Q (the power set of Q). More important, the integrated value 
is restricted to a value no greater than g(Q); thus, 
Q c x ~ E(Q) <_ E(X) 
and, in general, 
Q1 c_ Q2 ~ E(Q1) <_ E(Q2) 
This monotonicity in the integral is a key property; it forms the basis for deal- 
ing with incomplete information. The intuition is that the fewer the criteria 
considered, the lower the strength of the resulting evaluation. 
A significant disadvantage of the minimum operator is that it is too conser- 
vative to be employed in evaluating scale-up rules. It can be demonstrated that 
for identical assignments of the satisfaction levels, the minimum operator cor- 
responds to the lower bound of the integral. Specifically, for all Q _c X and 
any assignment of weights g( • ), 
Em(Q) <_ E(Q) 
In fact, the relationship 
Em (Q) -- E(Q) 
holds for the assignment 
g(Q) = ~ A,, i fQ=X 
( A l otherwise 
This assignment of values corresponds to the vacuous belief function (Shafer 
[18]); this function signifies the absence of knowledge about he relative weights 
of propositions. Thus, the fact that the integral employed with vacuous belief 
is equivalent to the minimum operator implies that we can interpret the conser- 
vatism inherent in the minimum operator as arising out of "complete ignorance" 
of the metaknowledge p rtaining to the relative weights. 
A final property with respect o the integral is that it is relatively insensitive 
to judgmental differences between individuals. This follows directly from the 
"noninteractive" nature of the maximum and minimum operators and the use 
of a discrete linguistic scale for evaluations. Thus, errors of up to k units 
(on the discrete linguistic scale) in the assignment of the levels of satisfaction 
to the propositions in a scale-up rule result in an error of no more than k 
units in the corresponding evaluation. In an automated esign environment, 
it is envisioned that the assignment of satisfaction levels would normally be 
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performed by nonexpert users of the system. Since it is conceivable that the 
assessments of inexperienced users could be in error, the relative insensitivity 
of the evaluative strategy could possibly prevent errors in judgment from greatly 
affecting the resulting large-scale process ystems. 
FLUIDIZED-BED REACTOR SCALE-UP 
The phenomenon of "fluidization" occurs when the velocity of a fluid pass- 
ing through a bed of solids exceeds a certain velocity, termed the minimum 
fluidization velocity. Above the minimum fluidization velocity the bed exhibits 
fluidlike properties, and the presence of such properties i  extremely desirable 
for a variety of reasons. Fluidized beds allow for convenient handling of solids, 
low energy requirements, and excellent heat and mass transfer characteristics. 
The inherent advantages of fluidization coupled with the necessity of conduct- 
ing chemical reactions involving the contact of solids and fluids have led to 
the widespread use of fluidized-bed reactors in the chemical process industry. 
Fluidized-bed reactors are especially populator in catalytic reforming, acryloni- 
trile production, Fischer-Tropsch synthesis, thermal cracking of oil residue, and 
coal and biomass gasification (see, eg, Kunii and Levenspiel [19]). 
In an earlier work, Mithani et al [3] performed an exhaustive review of the 
available domain literature in the field of fluidized-bed reactor scale-up (see also 
Matsen [4]). This led to the identification of the various dimensionless groups 
that must be maintained constant during the scale-up of laboratory or pilot plant 
data to large-scale systems. The following eight rules linking various process 
conditions to the importance of maintaining dimensionless groups constant em- 
body the expertise currently engaged in the scale-up of fluidized-bed reactor 
systems. 
Rule 1 
IF 
AND 
AND 
THEN 
Fluidized bed is operating in viscous limit [xl ] 
Heat and mass transfer are important [x2] 
Particle size employed is small [x3] 
Maintain Reynolds number constant. 
Rule 2 
IF 
AND 
THEN 
Heat transfer is important [xl ] 
Particle size is large (Geldart's group D) Ix2] 
Maintain Archimedes number constant. 
Rule 3 
IF 
AND 
THEN 
Superficial fluid velocity is low [xl] 
Beds are slugging [x2] 
Maintain linear dimension ratio constant. 
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Rule 4 
IF 
AND 
AND 
THEN 
Rule 5 
IF 
AND 
AND 
THEN 
Rule 6 
IF 
AND 
THEN 
Rule 7 
IF 
AND 
THEN 
Rule 8 
IF 
AND 
THEN 
Fluidized bed is operating in inertial limit [xl] 
Operating pressure is high [x2] 
Particle size employed is small [x3] 
Maintain solid-to-fluid ensity ratio constant. 
Reaction order is high [Xl] 
Superficial fluid velocity is low [x2] 
Reaction rate is fast [x3] 
Maintain bubble-phase gas fraction constant. 
Reaction rate is slow [Xl ] 
Number of mass transfer units is between 1 and 8 [x2] 
Maintain number of reaction units constant. 
Reaction rate is fast [xl] 
Number of reaction units is very large [x2] 
Maintain number of mass transfer units constant. 
Number of mass transfer units is between 1 and 8 [xl] 
Number of reaction units is very small [x2] 
Maintain number of mixing units constant. 
Table 1 lists the relative weights assigned to the groups of propositions in 
these rules. These weights, representing the consensus opinions of several scale- 
up experts, are defined with respect o a linearly ordered nine-point linguistic 
scale, 
L9 = {Z, VL, L, ML, M, MH, H, VH, P} 
expressing the following semantic values: 
Z = zero 
VL = very low 
L = low 
ML = medium low 
M = medium 
MH = medium high 
H = high 
VH =- very high 
P = perfect 
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The applicability of the present procedure for evaluating rules and ranking 
the relevant dimensionless groups is illustrated with a typical scale-up roblem 
involving a fluidized-bed reactor. Particles with a diameter of 100/zm and a den- 
sity of 1200 kg/m 3, belonging to Geldart's group A powder type, are fluidized 
in a laboratory-scale fluidized bed. The density and viscosity of the fluidizing 
gas are 1.3 kg/m 3 and 0.02 cp, respectively. The minimum fluidization veloc- 
ity and operating superficial velocity are 0.5 m/s and 1.8 m/s, respectively. A 
relatively fast first-order gas-solid reaction is conducted in the laboratory-scale 
fluidized-bed reactor operating at ambient temperature and pressure conditions. 
The Reynolds number in the laboratory-scale b d is calculated to be about 12. 
Furthermore, the number of reaction units and the number of mass transfer units 
are computed to be 40 and 4, respectively. 
The task of designing a commercial-scale fluidized-bed reactor from the 
above laboratory-scale information requires the determination f operating pa- 
rameters such as the properties of the fluidizing gas and fluidized solids, and the 
operating superficial velocity for the large-scale bed. Although it would appear 
that the fluid and solid properties can easily be altered to obtain the desired 
results in the large-scale bed by changing the operating conditions uch as pres- 
sure and temperature, this is rather difficult to achieve. The essential problem 
is that the operating parameters must be adjusted so as to ensure that the quality 
of fluidization and the degree of conversion are essentially identical in the two 
beds. As the similarity between the two scales is instituted by the governing 
dimensionless groups, changes in the operating parameters must guarantee that 
these dimensionless groups are maintained constant for the two scales of opera- 
tion. However, since the number of dimensionless groups involved is relatively 
large and the groups are inherently in conflict, it is necessary to decide on the 
specific dimensionless groups to be maintained invariant. 
For the case of the laboratory-scale b d, a Reynolds number of 12 indicates 
that it is operating in the intermediate limit but close to the viscous limit. For 
a fast gas-solid reaction, mass transfer considerations are important; however, 
for operation under ambient conditions, heat transfer considerations are of little 
or no significance. The particles employed belong to Geldart's group A type 
and are therefore considered to be small. Since the superficial fluid velocity 
is 3.6 times the minimum fluidization velocity, it is considered to be high. No 
information is available about the bubbling characteristics, and consequently it 
is not possible to predict he slugging characteristics. Furthermore, an ambient 
operating pressure can be taken to represent a low value. A first-order reaction 
has a low reaction order, and the reaction rate is specified as being fast. The 
value of 4 for the number of mass transfer units lies exactly between 1 and 8, 
and a value of 40 for the number of reaction units is considered to be large. 
Based on these judgments of the process conditions, the levels of satisfaction 
h(xi) are assigned for the propositions in the scale-up rules; these assignments 
(made with respect o the nine-point linguistic scale) are depicted in Table 2. 
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Tab le  1. Linguistic Weights for Fluidized-Bed Reactor Scale-Up Rules 
Scale-Up Rules 
Relative 
Weight 1 2 3 4 5 6 7 8 
g(Z)  Z Z Z Z Z Z Z Z 
g({x~ }) MH H M MH MH H MH H 
g({x2}) VH L H M M M M M 
g({x3}) M -- --  M H -- - -  --  
g({x~, x2}) VH P P H H P P P 
g({x,, x3}) H -- --  H VH -- --  --  
g({x2, X3}) VH -- - -  H H -- --  -- 
g({x,, x2, x3}) P -- --  P P -- -- --  
The relative weights of the process conditions and their associated levels of 
satisfaction presented in Tables 1 and 2, respectively, are combined by resorting 
to the Sugeno integral as discussed in the preceding section. The resulting qual- 
itative evaluation of the scale-up rules indicates the importance of maintaining 
the corresponding dimensionless groups constant. These evaluations, presented 
in Table 3, provide a ranking of the dimensionless groups according to the im- 
portance of their being maintained invariant. When scaling up the fluidized-bed 
reactor system, the designer should employ the ranking in deciding on the di- 
mensionless groups to be maintained invariant. Moreover, attempts hould be 
made to ensure that the dimensionless groups with relatively higher importance 
(H to P) are kept constant in scale-up. The groups with average importance 
Table 2. Levels of Satisfaction 
Rule h(xt) h(x2) h(x3) 
1 MH MH H 
2 VL Z a -- 
3 L Z b -- 
4 VL VL H 
5 VL L VH 
6 VL P -- 
7 VH VH - -  
8 P VL  - -  
" Determined to have zero satisfaction level. 
b NO information available for this proposition. 
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Table 3. Qualitative Ranking of Dimensionless Groups 
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Rule Dimensionless Group E (Q) Rank 
1 Reynolds number MH 
2 Archimedes number VL 
3 Linear dimension ratio L 
4 Solid-to-fluid ensity ratio M 
5 Bubble-phase gas fraction H 
6 Number of reaction units M 
7 Number of mass transfer units VH 
8 Number of mixing units H 
(ML to MH) can be maintained approximately constant within acceptable lim- 
its. The groups with relatively lower importance (Z to L) can be neglected from 
consideration without appreciably affecting the results. 
The ability of the present technique to estimate the importance of maintaining 
a dimensionless group invariant in the face of incomplete information is demon- 
strated by considering Rule 3 in the scale-up problem. Information about the 
bubbling characteristics of the bed, and consequently the slugging behavior, is 
not available. In this instance, it is appropriate to be conservative and to assign 
a value of zero (Z) for the level of satisfaction of the second proposition in Rule 
3. The use of the minimum operator gives rise to a zero evaluation; this corre- 
sponds to a "null" value for the importance of maintaining the linear dimension 
ratio invariant. This is unacceptable in a real-world situation. Employing the 
integral in this instance results in a more reasonable valuation. Specifically, 
it is known that the first proposition requiring a low superficial fluid velocity 
has medium importance (M). Nevertheless, ince the superficial fluid velocity 
in the laboratory setup satisfies this condition to a relatively low degree (L), 
the overall evaluation for the importance of this dimensionless group is reason- 
ably estimated as being low (L). Moreover, note that if the first proposition is 
satisfied to a level higher than medium (M), the importance of maintaining the 
linear dimension ratio constant in the absence of information about slugging 
behavior would also be medium (M). The evaluated value, therefore, can be no 
higher than the relative weight for the available information. 
The utility of the present technique for evaluating scale-up rules is illustrated 
by a detailed analysis of Rule 1. Figure 1 presents nine plots of h(x2) vs. h(x3) 
for the nine different values of h(xl) for Rule 1. The plots indicate the strengths 
of the conclusions obtained for various combinations ofthe levels of satisfactions 
of the three propositions comprising the rule premise. The three-dimensional 
clusters formed by superimposing the plots for h (x l) -- Z, VL . . . . .  P indicate 
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h(x 2 ) 
P 
VH 
H 
MH 
M 
ML 
L 
VL 
Z 
h(x l )  = Z 
H 
MH 
M 
VL L HL M MH H VH 
h(x 3 ) 
"(x 2) 
P 
VH VH 
H 
MH 
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ML 
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,(x i) : M 
H 
MH 
M 
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h(x 3 ) 
h(x l )  = VH 
VH 
h(x 2) 
P 
VH 
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Figure 1. Effect of levels of satisfaction on Rule 1 evaluations. 
visually the relative insensitivity of the present evaluative technique to minor 
errors in judgment. 
For illustration, consider a situation in which an error exists in assigning the 
levels of satisfaction to the propositions in Rule 1. Specifically, an inexperienced 
designer may be uncertain whether to assign values of VL or L to h(xl), H 
or VH to h(x2), and ML or M to h(x3). Table 4 illustrates the evaluation of 
the strengths of the conclusions for the eight possible combinations. In each 
case the evaluation is either H or VH, effectively demonstrating the relative 
insensitivity of the integrated evaluation to judgmental errors. 
A significant feature of the present evaluative scheme is that it facilitates 
explanation of its inherent trade-off strategy; this promotes its utility in a design 
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h(xO h(x2) h(x3) E (Q) 
VL H ML H 
VL H M H 
VL VH ML VH 
VL VH M VH 
L H ML H 
L H M H 
L VH ML VH 
L VH M VH 
automation system. The following simple but practical example illustrates the 
intuition behind an evaluation. 
Consider a fluidized-bed reactor operating very close to the viscous region. 
The reactor involves almost no heat and mass transfer, and the size of the flu- 
idized particles is very small. In this instance, the following levels of satisfaction 
can be assigned to the propositions in Rule 1: 
h(xl) = H, h(x2) -- VL, h(x3) = VH 
Reference to the plots in Figure 1 indicates that considerable (H) importance 
must be placed on maintaining the Reynolds number constant. This matches an 
intuitive understanding of the underlying process ystem. When reasoning abut 
the Reynolds number, consideration of heat and mass transfer (proposition 2) 
is especially important (VH) compared to the other propositions pertaining to 
the regime of operation (MH) and the particle size (M). However, the crite- 
ria of operating regime and particle size taken together have considerable (H) 
importance. Thus, even though the heat and mass transfer criterion is satisfied 
to a very low (VL) level, the fact that the operating regime and particle size 
criteria are collectively satisfied to a high (H) level results in considerable (H) 
importance being placed on maintaining the Reynolds number constant. This 
closely approximates the reasoning employed by fluidized-bed experts in the 
given situation. The possibility of using metaknowledge about the weights of 
propositions along with the associated levels of satisfaction i  explaining the 
reasoning behind such evaluations can effectively enhance a design automation 
environment. 
CONCLUDING REMARKS 
The scale-up of fluidized-bed reactors is an art traditionally practiced by 
design engineers with considerable experience in dealing with similar systems. 
84 Rizwan Mithani et al. 
Our observations indicate that expert designers engage a relatively small number 
of scale-up rules in their decision making. However, they engage the same rules 
in successfully scaling up a variety of small-scale systems with diverse operating 
conditions. 
The present work has focused on the tasks of representing and articulating 
knowledge about the relative weights of the process conditions in determining 
the importance of dimensionless groups as criteria for scaling up laboratory 
data. In our considered opinion, this is precisely the knowledge summoned by 
expert designers in coping with the variety of problems encountered in the real 
world. Aside from harnessing this valuable knowledge, the proposed evaluative 
strategy is intuitively appealing and possesses the capability of operating in the 
face of incomplete information. 
The ability to deal with incomplete information is an attractive feature of the 
present approach to information fusion. In chemical process engineering, it is 
feasible to study a small-scale process ystem and subsequently extrapolate he 
results in designing the corresponding large-scale commercial system. Unfor- 
tunately, small-scale xperiments often do not provide a complete picture of the 
large-scale system, and critical information about the large-scale system may 
be unavailable. Nevertheless, it is necessary to design an economically viable 
large-scale system. The ability of the integral to perform partial evaluations i , 
therefore, especially significant. Successful scale-up is now possible ven in the 
presence of incomplete information about he large-scale process. 
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